The chemical dry etching of silicon nitride (Si 3 N 4 )and silicon nitride (SiO 2 ) in a downstream plasma reactor using CF 4 , O 2 , and N 2 has been investigated. A comparison of the Si 3 N 4 and SiO 2 etch rates with that of polycrystalline silicon shows that the etch rates of Si 3 N 4 and SiO 2 are not limited by the amount of fluorine arriving on the surface only. Adding N 2 in small amounts to a CF 4 /O 2 microwave discharge increases the Si 3 N 4 etch rate by a factor of 7, but leaves the SiO 2 etch rate unchanged. This enables etch rate ratios of Si 3 N 4 over SiO 2 of 10 and greater. The Si 3 N 4 etch rate was investigated with respect to dependence of tube length, tube geometry, and lining materials. Argon actinometry has shown that the production of F atoms in the plasma is not influenced by the addition of N 2 to the discharge. Mass spectrometry shows a strong correlation between the Si 3 N 4 etch rate and the NO concentration. X-ray photoelectron spectra of the silicon nitride samples obtained immediately after the etching process show that F atoms are the dominant foreign species in the reaction layer, and that N 2 addition to the feed gas enhances the O atom incorporation. Based on these data, we propose a mechanism for the etch rate enhancement of N 2 addition to a CF 4 /O 2 discharge.
I. INTRODUCTION
The interest in chemical dry etching ͑CDE͒ 1,2 has grown considerably in recent years due to its advantages over other wet or dry etching processes. Because of the spatial separation of the excitation and the reaction volume, the surface processes do not involve charged or accelerated particles but are dominated by chemical reactions of neutral, thermal species with the sample surface. The absence of energetic ions reduces charge induced defects, like lowered breakdown voltages of gate oxide layers, and physical sputter damage. [3] [4] [5] [6] The wafer surface is not exposed to direct UV irradiation. Chemical dry etching also reduces the handling and disposal of toxic chemicals, for example, hot phosphoric acid used in the wet stripping of silicon nitride layers. 7 Also, CDE can more easily be integrated into modern multichamber cluster systems than wet stripping methods. 8 Chemical dry etching potentially offers high etch selectivities of polycrystalline silicon and silicon nitride over silicon dioxide due to the absence of energetic ions. The latter especially is of great technological importance to the manufacturing of very large scale integrated ͑VLSI͒ circuit semiconductors. High Si 3 N 4 /SiO 2 selectivities are required for the nitride stripping step following the local oxidation of silicon 9 ͑LOCOS͒. In this work, tetrafluoromethane (CF 4 ) with added oxygen and nitrogen is used as a feed gas for a microwave plasma for chemical downstream etching of silicon nitride. Tetrafluoromethane based plasmas with admixed oxygen have been examined extensively. [10] [11] [12] [13] The fluorine atom concentration in the plasma versus the percentage of O 2 in the feed gas reaches a maximum at approximately 23%. 10 The initial increase in ͓F͔ is due to oxidation reactions of fluorocarbon species with O 2 , producing free F atoms. As the oxygen content in the feed gas increases further, the fluorine concentration decreases. This can be attributed to the dilution of the fluorine containing species with oxygen, and to a lesser extent to the electron temperature, which decreases with an increasing flow of O 2 in CF 4 . 10 The etching mechanism of silicon using CF 4 /O 2 mixtures is well established. [14] [15] [16] Some work on the etching of silicon nitride films in reactive ion etching ͑RIE͒ environments using fluorocarbon based plasmas with oxygen additions has also been reported. [17] [18] [19] During oxygen deficient discharges a fluorocarbon layer forms on the silicon nitride surface that inhibits the active species, F atoms, from reaching the nitride. The etch rate slows down during the formation of this layer to approximately 25% of its initial value. The introduction of small amounts of oxygen ͑2%-8%͒ in the feed gas suppresses the formation of the fluorocarbon layer, resulting in a constant nitride etch rate.
In the present work we examine the chemical dry etching of Si 3 N 4 and SiO 2 using CF 4 /O 2 plasmas with admixed N 2 . Etch rate measurements presented here show that nitrogen strongly enhances the etch rate of silicon nitride. In order to clarify the mechanism of this etch rate enhancement, the effect of N 2 addition on the plasma, on the type and density of the gas phase species, and on the surface chemistry is studied using various experimental methods. These methods include optical emission spectroscopy for the plasma, mass spectrometry for the gas phase, and x-ray photoelectron spectroscopy for the surface analysis. These experiments allow us to understand the mechanism by which N 2 enhances the etch rate of Si 3 N 4 . The presence of nitric oxide ͑NO͒ in the gas phase allows Si 3 N 4 to be etched efficiently by F atoms. Figure 1 shows a schematic of the apparatus used for the experiments. Mixtures of CF 4 , O 2 , and N 2 are excited using an Astex DPA-38 2.45 GHz microwave applicator with a quartz coupling tube. The species produced in the plasma travel through a transport tube to the cylindrical reaction chamber. The length, geometry, and lining material of the transport tube can be varied. Samples of size 1 in. by 1 in. are placed in the reaction chamber on an electrostatic chuck. The samples used for this investigation are low-pressure chemical vapor deposition ͑LPCVD͒ Si 3 N 4 and thermally grown SiO 2 . The temperature of the sample is monitored with a flurotopic probe which contacts the backside of the sample. It was kept constant at 10°C for all experiments. Etch rates are measured in situ by monochromatic ellipsometry ͑wavelength 632.8 nm͒. The orifice of the quadrupole mass spectrometer is mounted on the reaction chamber such that the orifice-discharge distance is comparable to the sample-discharge distance. Samples are moved to the surface analysis chamber via a UHV wafer handling system. The experimental setup is described elsewhere in more detail. 20 Erosion of quartz applicator tube is an obstacle that must be overcome in order to introduce CDE in industrial production. The active species for the quartz tube etching is the fluorine atom. Ions accelerated to the quartz by the sheath potential may also promote the etching. If the etch rate of the applicator tube is dominated by chemical reactions of the fluorine atoms with the quartz rather than the impinging ions, a decrease in the tube temperature should considerably increase its lifetime, since the chemical reaction probability follows Arrhenius' law.
II. EXPERIMENT
The generation of radicals from the feed gases, as well as the silicon nitride etch rate, increase with the microwave power. However, the temperature of the applicator tube increases also, leading to a quicker erosion and thus a shorter tube lifetime. Therefore, the Si 3 N 4 etch rate in the downstream chamber as a function of microwave power was investigated ͑Fig. 2͒. For this experiment, we used 200 sccm of CF 4 180 sccm of O 2 , and 20 sccm of N 2 and kept the pressure at 500 mTorr. The etch rate increases slightly from 300 to 400 W, remains constant in the range from 400 to 600 W, and then rises upon further increase of the power. We have chosen a microwave power level of 400 W as a compromise between a long tube lifetime and a desired high etch rate. Temperature measurements with a thermocouple immediately after the plasma have shown that the tube temperature during operation is roughly 250-300°C. During the course of the experiments, the cooling of the microwave applicator was significantly improved by a hardware change of the applicator housing and ice cooled pressurized air, so that the tube temperature was decreased by approximately 150°C. This increased the tube lifetime by a factor of 6 or more, or decreased the erosion rate by at least 83%. The effect of the improved applicator cooling could be seen in the etch behavior of polycrystalline silicon as a function of O 2 addition to the CF 4 discharge. Polycrystalline silicon shows an etch rate maximum at around 15% O 2 in CF 4 . This maximum shifted upward by 10 sccm of O 2 in 400 sccm of CF 4 ͑at 500 mTorr͒ after the changes of the applicator housing were implemented. This shift can be explained by the reduced liberation of oxygen from the quartz applicator tube. In order to balance this loss of oxygen, the flow of O 2 through the gas manifold has to be increased. Based on the 83% reduction of the erosion rate and the shift of 10 sccm, we estimate the flow of O 2 from the applicator tube to be approximately 12 sccm without cooling and 2 sccm with cooling.
III. RESULTS

A. Total gas flow and CF 4 flow
Two experiments were conducted in order to determine the influence of the total gas flow on the silicon nitride etch rate. In the first experiment, the etch rate of Si 3 N 4 was measured as a function of CF 4 observed range, indicating that the etch rate is limited by the number of available CF 4 products that arrive in the downstream chamber from the plasma rather than the residence time of the species in the plasma source. The polycrystalline silicon etch rate is given in the same figure ͑bottom graph͒. In the case of pure CF 4 discharges, the polycrystalline silicon etch rate can be used to obtain a lower limit of the fluorine atom density. 10 Because of the almost complete absence of O atoms, no surface oxidation takes place. Therefore, each F atom that adsorbs on the silicon surface has a certain probability to react with Si atoms to produce a silicon-fluoride compound. Thus, the limiting factor for the polycrystalline silicon etch rate in pure CF 4 is the arrival rate of fluorine on the surface, and this etch rate can be used to monitor the F atom density in the reaction. The bottom graph of Fig. 3 shows, as its right-hand ordinate, the minimum F atom density that is required in the chamber to obtain the polycrystalline silicon etch rates. According to our estimation, the minimum density of atomic fluorine can be as high as 4ϫ10 13 
cm
Ϫ3
. For this estimate, we assumed that each F atom that impinges on the surface adsorbs and reacts with Si to form SiF 4 according to the etch reaction 4FϩSi→SiF 4 . In reality, however, only a fraction of the impinging F atoms will form chemical bonds; thus the real F atom density can be significantly higher than our estimate. The polycrystalline silicon etch rate, i.e., the F atom density, assumes a maximum at a CF 4 flow of 250 sccm. The silicon nitride etch rate shows a different behavior. It increases linearly with the CF 4 flow. The right-hand ordinate of the top graph of Fig. 3 shows the F atom density which is required to obtain the Si 3 N 4 etch rate, assuming that each impinging F atom reacts to form the primary etch product SiF 4 . The required F atom density for the etching of Si 3 N 4 is 1/20 of the actual F density estimated from the polycrystalline silicon etch rate.
The different behavior of the etch rates and the vastly different amount of F atoms necessary for the etching indicate that the mechanism for silicon nitride etching is fundamentally different from that of polycrystalline silicon etching. For the present experiments, the fluorine arrival is not the only rate limiting factor in silicon nitride etching.
In a second set of experiments, a mixture of O 2 and CF 4 with a constant ratio O 2 /CF 4 ͑equal to 0.3͒ was excited using 400 W microwave power at 500 mTorr. The total flow varied from 130 to 520 sccm ͑Fig. 4͒. The Si 3 N 4 etch rate increases rapidly in the beginning, reaches a plateau at about 390 sccm total flow, and then decreases slightly upon further increase of the total flow.
Because of the linear increase of the Si 3 N 4 etch rate on total CF 4 flow and the weak dependence of the etch rate on the total flow in the range at 400 sccm and higher, it was decided to fix the CF 4 flow at 400 sccm and vary the flows of the other gases. In this fashion, the maximum number of fluorine atoms attainable from the dissociation of the CF 4 in the plasma region is constant, and the addition of oxygen and nitrogen should be the dominant effect on the production of the reactive species.
B. Influence of O 2 and N 2 additions on the silicon nitride etch rate
The etch rate of Si 3 N 4 was measured in dependence of the feed gas composition ͑Fig. 5͒. Oxygen and nitrogen from 0 The etch rate of silicon dioxide is given in Fig. 6 . As the flow of O 2 is increased from 0 to a ratio O 2 /CF 4 ϭ 0.15, the etch rate increases by approximately a factor of 3 and then decreases slowly as the flow of oxygen is increased further. Nitrogen does not influence the etch rate in a significant manner.
C. Tube experiments
Etch rate measurements, x-ray photoemission spectroscopy ͑XPS͒ analysis, and mass spectrometry measurements were performed to determine the dependence of the etch rate on the transport tube length, geometry, and lining material. The length was varied between 0 and 125 cm, quartz and Teflon were used as liners, and the number of 90°bends was 0 or 1. Figure 7 shows the etch rate of silicon nitride versus tube length. The top graph shows the etch rate in the case of no O 2 in the feed gas. The center graph shows the etch rate when O 2 is admixed to the discharge in a ratio O 2 /CF 4 ϭ 0.15, which is a fluorine-rich gas mixture, and the bottom graph shows the etch rate in the case of a very oxygen-rich gas mixture ͑O 2 /CF 4 ϭ 0.75). All graphs contain the curve for no N 2 ͑solid line͒ and 20 sccm of N 2 ͑dashed line͒ in the feed gas. Except for a very rapid initial drop off of the N 2 containing etch rate curve in the top graph, the changes of the Si 3 N 4 etch rate with tube length are small compared to the experimental error. The same is valid for the silicon dioxide etch rates ͑Fig. 8͒. A rapid initial drop off can be observed for CF 4 /N 2 gas mixtures ͑case a͒, but no other dependence on tube length can be observed beyond error boundaries.
The effects on tube geometry on the silicon nitride etch rates are shown in Fig. 9 . One 90°bend was inserted immediately after the discharge. The total length of the quartz transport tube was 125 cm. Insertion of the bend does not influence etch rates for N 2 free gas mixtures. On the other hand, it increases the etch rate for gas mixtures containing N 2 . As a result of introducing the bend, the relative etch rate enhancement increases as the ratio of O 2 in CF 4 is increased. For a gas mixture CF 4 /O 2 /N 2 ϭ400/300/20 sccm, the etch rate of Si 3 N 4 is increased by approximately 25%, as compared to a straight quartz tube. No increase of the oxide etch rate was found for this gas mixture.
Additionally, the tube material influences the etching behavior of silicon nitride. Figure 10 shows the etch rates of Si 3 N 4 for Teflon and quartz as the lining material of the 125-cm-long straight transport tube. The etch rates increase by a factor of roughly 1.5 for gas settings containing both surface of the reactive layer contains about 20% less nitrogen when Teflon lining material is used as compared to a quartz liner. The oxidation of the reactive layer increases by 10%. The fluorination of the reactive layer does not show a systematic dependence on the lining material. However, the silicon dioxide etch rates only increase for no and low O 2 gas settings as the lining material is changed from quartz to Teflon. No change can be observed for high flows of O 2 .
D. Surface analysis results
X-ray photoemission spectra were taken for important gas mixtures ͑O 2 /CF 4 ϭ 0, 0.15, and 0.75, with and without 20 sccm of N 2 ) at several tube settings ͑0, 75, and 125 cm, quartz and Teflon lining, and with and without a 90°bend͒.
The electron emission angles were 0°and, in order to increase the surface sensitivity, 75°with respect to the surface normal. The obtained spectra were curve fitted with Gaussians using a standard least-squares fitting procedure which has previously been described. 21 The reactive layer that forms during the etch process on the bulk nitride is nitrogen deficient, since the Si-N bonds are being replaced by silicon-fluorine and silicon-oxygen bonds. Figure 11 shows the N/Si peak area ratio for 0 cm tube length and an etch time of 100 s. The horizontal line corresponds to the theoretical value for perfect Si 3 N 4 , N/Siϭ4/3ϭ1.33. A reference sample, which had been dipped in HF solution to remove the native oxide from the surface, yielded a value of N/Siϭ1.30. The nitrogen content in the surface layer of processed samples is substantially lower than this value. N 2 addition to the CF 4 /O 2 feed does not influence the N atom content of the surface layer. From this it can be deduced that all N atoms which are present in the reactive layer originate from the bulk nitride rather than from the gas phase.
The surface oxidation is low for all gas compositions. Even for high oxygen levels in the feed gas, the O/Si peak area ratio does not exceed 0.25 ͑a completely oxidized sur- face would yield a value of 2͒. This is consistent with the observation that the nitride etch rate remains high for high flows of O 2 . If the surface oxidation was high, then one would expect the etch rate to decrease and approach the silicon dioxide etch rate. Figure 12 shows the area ratio of the O͑1s͒ over the N͑1s͒ peak. Nitrogen addition to the feed gas enhances the surface oxidation. At a flow ratio O 2 /CF 4 ϭ 0.15, the oxygen incorporation in the reactive layer is increased by a factor of 3 ͑still very low as compared to a completely oxidized surface͒. The Si͑2p͒ XPS spectra for this O 2 /CF 4 ratio are shown in Fig. 13 , together with a reference spectrum of an untreated Si 3 N 4 sample. The widening of both the curves for 0 and 20 sccm of N 2 as compared to the reference spectrum reflect the formation of a reactive layer, because the binding energy of the Si͑2p͒ electrons is increased as bonds of the Si atoms with N are replaced with bonds with more electronegative atoms. The peak for the gas setting containing 20 sccm of N 2 shows a higher shoulder on its binding energy side, indicating that more Si atoms are bonded to electronegative atoms, such as O. The fluorination of the reactive surface layer is rather high for all examined gas compositions ͑F/Si peak area ratio of 0.4-1.0͒, and nitrogen addition to the feed gas does not influence the F content beyond error boundaries ͑Fig. 14͒. The main effect of the N 2 in the feed gas is the enhanced oxidation of Si atoms at the surface.
The stoichiometry of the reactive layer can be deduced from Fig. 15 . In this graph, ratios of the corrected O͑1s͒ over F͑1s͒ emissions are plotted as a function of the feed gas mixture. For all mixtures of CF 4 , O 2 , and N 2 , F atoms are the dominant foreign species in the reactive layer. Nevertheless, the oxygen content increases both with O 2 in the feed gas and with the admixture of 20 sccm of N 2 . At a flow rate ratio O 2 /CF 4 ϭ 0.15 in the feed gas, for example, the surface fluorination is about 10 times higher than the oxidation if no N 2 is used and about 3 times higher if N 2 is used in the feed gas. The difference is due to an increase of the O͑1s͒ peak area.
Angle-resolved XPS measurements allow us to estimate the thickness of the reactive layer after the etching process. This method has been described previously to determine the thickness of the reactive layer that forms during the reactive ion etching of silicon. 22 It uses the emission intensity of the bulk silicon at two different electron escape angles to calculate the thickness of a homogeneously fluorinated surface layer. However, a modification of this method was necessary 20 ͒. Because all N atoms are due to the bulk Si 3 N 4 ͑see above͒, we used the N͑1s͒ peaks at 15°and 90°as signals representing the Si 3 N 4 bulk. The thickness of the reactive layer obtained by this method versus the amount of oxygen in the discharge is shown in Fig. 16 , for 0 and 20 sccm of N 2 in the feed gas. The reactive layers that form on Si 3 N 4 during CDE are relatively thin as compared to those that form during CDE of polycrystalline silicon. 20 The thickness never exceeds 1.2 nm and is not significantly influenced by the addition of N 2 to the discharge. A pure CF 4 and a CF 4 /N 3 discharge yield the thickest reactive layers. This is consistent with the observation that the etch rates are lowest for those gases. As O 2 is added to the plasma, the thickness drops down to 0.4 nm. Very high levels of O 2 in the feed gas (O 2 /CF 4 ϭ 0.75) increase the reactive layer thickness to 0.6 nm only. The chemical downstream etching of polycrystalline silicon produces highly oxidized surfaces at high flows of oxygen; thus the thickness of reactive layers on top of polycrystalline silicon increases rapidly as the flow of O 2 is increased. 20 CDE does not oxidize the nitride surface as dramatically as it does the polycrystalline surface; thus the thickness of the reactive layers remains rather low and etch rates stay on a high level also for high flows of O 2 .
E. Actinometry measurements
The production of atomic F and O in the plasma region has been monitored using argon actinometry. [23] [24] [25] [26] [27] The reliability of this method for determining relative changes of the F concentration has been demonstrated in the literature. The emission was measured with different levels of N 2 in the feed gas ͑0, 10, 20, and 40 sccm͒. For these experiments, the flow of CF 4 has been kept constant at 400 sccm, and various amounts of O 2 and N 2 were added. The ratio of the F ͑7037 Å͒ over the Ar ͑7504 Å͒ emission intensity is given in Fig.  17 . The F emission initially increases as oxygen is added to the feed gas, and then decreases with the oxygen content. No change in the normalized F emission intensity due to changes in the N 2 can be seen.
Nitrogen in the feed gas also does not change the O͑8446 Å͒/Ar͑7504 Å͒ emission ratio. This result contradicts the surface analysis results, which have shown an increased surface oxidation in the presence of N 2 in the discharge, and the mass spectrometry results that will be discussed next. Also, other researchers 28 have found that the generation of atomic oxygen is strongly enhanced in the presence of N 2 in an oxygen discharge. The probable reason for this discrepancy between the actinometry and other results is that the excited states of the O atoms can arise from dissociative recombina-
rather than from the excitation of ground state O atoms alone.
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F. Mass spectrometry measurements
Mass spectrometry was used to clarify the role of N 2 in the etching of silicon nitride. A quadrupole mass spectrometer was used to determine relative concentrations of the reactive species downstream from the plasma in the reaction chamber. The mass spectrometer is directly connected to the reaction chamber using the virtual valve technique. 29 This ensures that the distance the reactive species have to travel from the reaction chamber to the detector is minimized, and the loss of reactive species will be minimized. The energy of the electrons in the ionization chamber was chosen to be 35 eV.
Mass spectrometry measurements were performed at all tube lengths and geometries. During those experiments, a wafer coated with a Teflon-like film 30 was placed on the electrostatic chuck. The etch rate of the Teflon-like film was found to be close to 0 for all gas compositions used. Thus the depletion of the reactive species through etching was minimized and the peak areas are more representative of the number of species that are available in the reaction chamber for etching reactions. The peak areas were determined for both the gases only, i.e., without plasma, and with a plasma ignited. The data are plotted as the difference of the plasma-on and the plasma-off signals. This method clarifies the effect of the microwave plasma as compared to the approach where the concentrations are determined for the plasma-on state only. The dependence on the gas composition was determined for the peak areas of all masses which are visible for the mass spectrometer. The fluorine concentration in the reaction chamber is given in Fig. 18 as the difference between the plasma-on and the plasma-off signals. The fluorine concentration initially increases with the addition of oxygen to the CF 4 in the case of no N 2 , as well as N 2 admitted to the feed gas. The maximum is reached at an O 2 /CF 4 ratio of about 0.23. This initial increase is consistent with the work of other researchers 10 and is explained by the oxidation of fluorine containing species in the plasma, resulting in the liberation of atomic F. The fluorine signal increases by a factor of 15 in the case of no N 2 added to the discharge. The N 2 does not increase the F atom density downstream in a sufficient way to explain the observed increase in the Si 3 N 4 etch rate. From this, one can conclude that it must be other particles in addition to the F atoms that support the etching of silicon nitride. The experimental fact that the etch rate enhancement occurs only if both O 2 and N 2 are added to the CF 4 in the feed gas suggests oxides of nitrogen.
The dependence of the NO peak signal on the oxygen content in the feed gas is given in Fig. 19 , also as the difference between plasma-on and plasma-off signals. The signal in the case of no N 2 fed in to the discharge is background only. If N 2 /CF 4 ϭ 0.05, the NO signal increases as the oxygen content is increased from 0% to 15% and then levels out as the oxygen flow is increased further. This behavior is very similar to the silicon nitride etch rate. The NO concentration does not increase as the flow of N 2 is increased from 20 to 40 sccm. This is consistent with the etch rates, which remain the same for flows of N 2 higher than 20 sccm.
In one series of experiments, N 2 was injected downstream into the reaction chamber. Only CF 4 and O 2 were fed into the discharge upstream. Etch rate and mass spectrometry measurements were performed. When N 2 was injected downstream with a CF 4 /O 2 mixture passing through the discharge, the etch rates of Si 3 N 4 remained the same as those for a pure CF 4 /O 2 discharge. The NO peak signal also did not change compared to the NO background signal obtained for a CF 4 /O 2 discharge ͑see Fig. 19͒ .
The behavior of all other mass peaks that were detected with the mass spectrometer was established with respect to the gas composition, but none of these exhibited a dependence on the feed gases that was consistent with the Si 3 N 4 etching behavior. CF x and NF x related peak areas decrease with the oxygen content in the discharge, COF x peaks and the CO 2 signal are independent of the N 2 addition, and the absolute F 2 signal is 30% lower if N 2 is injected into the discharge.
Mass spectrometry also shows that the concentration of atomic oxygen in the reaction chamber is increased as N 2 is added to the plasma. The normalized difference between the plasma-on and plasma-off intensities of the O and O 2 peaks ͑masses 16 and 32͒ are given in Fig. 20 , for gas mixtures with and without N 2 . In this graph, positive values indicate that a species is generated in the plasma, and negative values imply that a species is dissociated in the plasma. Initially, the curves for atomic oxygen with and without N 2 drop below 0, because a large fraction of O 2 is consumed in chemical reactions in the plasma yielding CO x and COF x related species. As the flow of oxygen is increased, the production of O atoms begins. Without N 2 in the discharge, the O concentration reaches a maximum at a flow of O 2 /CF 4 ϭ 0.22, and then decreases slightly. Nonetheless, for N 2 containing feed gases, the O atom concentration grows rapidly. The O concentration at an O 2 flow of 300 sccm (O 2 /CF 4 ϭ 0.75), for example, is 16 times higher in the N 2 containing case. This observation is in qualitative agreement with the surface analysis results, where we found increased surface oxidation if N 2 is used. Addition of N 2 to the feed gas also enhances the dissociation of O 2 , as shown in Fig. 20 . At an O 2 flow of 300 sccm (O 2 /CF 4 ϭ 0.75) four times as many O 2 molecules are dissociated when N 2 is used in the feed gas.
IV. DISCUSSION
A. Effect of N 2
Three possible mechanisms for the enhancement of the silicon nitride etch rate by N 2 addition to the feed gas were considered.
͑1͒ Nitrogen could lower the rates of homogeneous and/or heterogeneous recombination of the reactive species. For example, nitrogen atoms could adsorb on the walls of the reactor and the downstream tube, rendering sites inaccessible for heterogeneous recombination processes like CF 3 ϩF→CF 4 ͑wall͒. ͑2͒
͑2͒ Nitrogen or nitrogen related species could affect the chemical composition and/or the thickness of the reactive layer on top of the bulk silicon nitride. In order to increase the etch rate, such a modification should be either a reduction of the reactive layer thickness, reducing the time for reactants and products to diffuse through it, or a reduction of the oxidation.
͑3͒ Nitrogen could form a new species with other particles in the discharge that changes the etch chemistry or provides energy for chemical reactions in the reactive layer or both.
An effect of type ͑1͒ can be excluded on the basis of the behavior of the etch rates as a function of the tube length. In general, more and more of the reactive species are lost with increasing tube length in recombination processes. Thus, the etch rates should decrease with tube length, and if type ͑1͒ was a true assumption, the etch rates should decrease much faster for gas mixtures without N 2 than those for N 2 containing gases. This is not observed in our experiments. Instead, the tube length does not lower etch rates dramatically, and the ratio of etch rates with and without N 2 remains fairly constant. Also, mass spectrometry measurements were performed for different tube lengths. At a tube length of 125 cm, the F atom density downstream from the plasma is approximately 20% lower for N 2 containing feed gas mixtures than for feed gases without N 2 . At 0 cm tube length, the F atom concentration is not influenced by N 2 addition to the feed gas ͑see Fig. 12͒ . This clearly shows that a type ͑1͒ effect does not take place, but instead the N 2 slightly increases the recombination rate of the fluorine radicals.
XPS data show that an effect of type ͑2͒ does not take place. The surface oxidation is slightly higher for N 2 containing gas mixtures than it is for nitrogen free gases ͑see Fig. 7͒ . The change in the reactive layer thickness is too small to account for a sevenfold increase in the etch rates.
In accordance with our experiments, we propose the following type ͑3͒ mechanism for the silicon nitride etch rate enhancement upon addition of N 2 . The mass spectrometry measurements have shown that NO is very likely to be the promoter of the etching reaction. Figure 21 shows the silicon nitride etch rate versus the normalized concentrations of F ͑top graph͒ and NO ͑bottom graph͒. The concentrations of F and NO were varied by changing the flow of O 2 from 0 to O 2 /CF 4 ϭ 0.75. The Si 3 N 4 etch rate and the NO density are highly correlated, because the etch rate increases with the concentration of NO. On the other hand, the Si 3 N 4 etch rate and the F density are much less correlated, because the etch rate remains high as the F density reaches a maximum and then decreases. Other discharge products could not be related to the silicon nitride etch rate. The NO molecule or the energetic NO* metastable can promote the etching either actively as a reactive species or passively as a source of activation energy for the actual etching reaction, which is mainly the formation of volatile SiF 4 , or both. In the case of polycrystalline silicon, the deposition of energy into the reactive layer is the dominant effect to increase the etch rate. 20 An estimation of the probabilities of the chemical etching reactions for both materials shows that the etch rates should increase by the same factor as N 2 is added to the discharge, if the effect is purely energetic. For this estimation we assumed Arrhenius' laws for the etching reactions and a fixed energy input to the reaction by the NO*. Yet, the silicon nitride etch rate is enhanced by a factor of 7 and the polycrystalline silicon etch rate only by a factor of 2. This indicates that in FIG. 21 . The etch rate of Si 3 N 4 vs the normalized concentrations of F ͑top graph͒ and NO ͑bottom graph͒. The etch rate follows the concentration of NO almost linearly, whereas it does not act as a function of the atomic fluorine concentration. Thus, the etch rate of silicon nitride is highly correlated with the NO density, whereas the correlation with the F density is much smaller.
the case of silicon nitride etching the etch rate enhancing effect is both energetic and chemical.
Extensive research has been done on the production of NO and NO* in discharges containing N 2 and O 2 . The main production channels are N and O atom combination, either with or without the presence of a third body M:
and reactions of nitrogen ions with O 2 :
͑6͒
In the discharge region and immediately after, atomic nitrogen and oxygen and NO coexist, and the NO concentration will achieve an equilibrium value according to the reaction schemes
and NOϩOϩM →NO 2 ϩM , ͑9͒
Because of the rapidity of reaction ͑7͒ compared to ͑8͒-͑10͒, the NO concentration will be highest for small concentrations of atomic N. 31 In fact, the NO density as measured with mass spectrometry increases as N 2 is added to a CF 4 /O 2 discharge in small amounts (N 2 /CF 4 ϭ 0.05), but does not continue to increase as more N 2 is added. As the species travel downstream, reactions ͑7͒ and ͑8͒ will very quickly use up all N atoms, so that reactions ͑9͒ and ͑10͒ become dominant. These reactions will conserve the NO density 32 because of the rapid regeneration step ͑10͒. The energies of the metastable NO* states range from 4.8 to 6.4 eV. 33 The metastable NO* is readily quenched by N 2 or ground state NO, but regenerated through collisions with free electrons in the plasma. Figure 22 shows two possible reactions of the NO with N atoms from the bulk Si 3 N 4 . In both reactions, the NO or NO*, containing an unpaired electron localized on the N, and thus being very reactive, can induce the breaking of an Si-N bond on the surface. In the first reaction scheme, denoted as ͑a͒ in Fig. 22 , the NO bonds with the unpaired electron to an N atom on the surface, forming the volatile etch product N 2 O ͑N 2 O is a linear compound with the structure N-N-O͒. The energetic NO* is more likely to participate in this reaction since the excitation energy ͑4.8-6.4 eV͒ can be used to split the Si-N bond, which has a binding energy of 4.5 eV. The dangling bond on the surface Si atom can then be occupied by either an F or an O atom, both of which are available in abundance from the discharge. Reaction scheme ͑b͒ also involves the attachment of the NO to an N atom on the surface, but then the oxygen splits from the nitrogen and a very stable N-N bond is formed. The etch product N 2 desorbs from the surface, and the dangling bond on the surface Si atom can be occupied by the O atom. In this reaction, the energy necessary to split the NO ͑6.5 eV͒ and the Si-N bond on the surface ͑4.5 eV͒ can be supplied by metastable NO and the energy gained from the formation of N 2 ͑9.7 eV͒. In both reaction schemes, the NO or NO* accelerates the removal of N atoms from the surface and creates dangling bonds, rendering the surface more reactive.
The N 2 addition to the feed gas also enhances the polycrystalline silicon etch rates by a factor of 2. 20 In this case, the NO molecule does not act as a reaction partner, because the net reaction will still be 4FϩSi→SiF 4 . Rather, metastable NO* may promote the etching reaction by providing energy to the reactive layer. The splitting of an Si-Si bond, for example, requires 3.4 eV, which can be supplied by metastable NO*. 33 In the case of silicon dioxide, no etch rate enhancement is observed as N 2 is added to the feed gas. A possible reaction of the NO, the formation of gaseous NO 2 from NO and oxygen from the silicon dioxide surface, NO gas ϩO surface →NO 2 gas ͑11͒
is energetically not favorable because the Si-O bond strength is 8.3 eV, whereas metastable NO* only carries up to 6.4 eV. 
B. Transport tube effects
It is well known that Teflon is a good material for lining the transport tubes in CDE since it is chemically inert. The F atom density is known to decrease less with Teflon as lining material. 20 Thus, for NO-rich gas mixtures, for which the Si 3 N 4 etch rate depends on both the F and NO densities, an increase by a factor of 1.5 can be observed ͑see Fig. 10͒ . On the other hand, if the etch rates are limited by the complete absence of NO (N 2 free feed gases͒, no etch rate enhancement can be measured. For those gas mixtures, the polycrystalline silicon etch rate is enhanced by a factor of 1.5, 20 which reflects the increased F atom density in the reaction chamber as Teflon is used as a lining material.
The transport tube geometry, i.e., the number of 90°b ends, also has no effect on the Si 3 N 4 etch rate if NO is absent ͑see Fig. 9͒ . The polycrystalline silicon etch rate for those gas mixtures, on the other hand, is slightly increased, which indicates that the introduction of a bend in the transport tube increases the F atom density downstream from the discharge. The etch rate enhancing effect of one bend for gas mixtures containing N 2 cannot be explained straightforwardly. Possible mechanisms could be the increased pressure in the discharge region due to the higher flow resistance of the tube with a bend or disturbances of the flow patterns induced by the bend.
The most pronounced effect of the transport tube length on the etch rates of Si 3 N 4 and SiO 2 is seen for CF 4 /N 2 discharges ͑see top graphs of Figs. 7 and 8͒. The etch rates decrease rapidly within the first 25 cm of tube length. The same behavior is observed for the polycrystalline silicon etch rate. This discharge is fluorine deficient. As the quartz tube length is increased, etching of the tube lowers the number of fluorine atoms available for etching reactions in the downstream chamber, and the etch rates of all materials located downstream decrease. For fluorine-rich gas mixtures, i.e., feed gases containing CF 4 and O 2 , no decrease in the etch rate of Si 3 N 4 with tube length can be observed ͑see center graphs of Figs. 7 and 8͒. In these cases, the etch rate of Si 3 N 4 is not limited by the amount of F present in the reaction chamber, but by the NO.
V. CONCLUSION
The silicon nitride etch rate in CDE increases by a factor of 2 as O 2 is added to a CF 4 microwave discharge. The addition of N 2 to a CF 4 /O 2 plasma increases the etch rate by an additional factor of 7. Both the O 2 and N 2 are necessary to enhance the etch rate significantly. The etch rate enhancing effect cannot be explained with a higher F radical production in the plasma region or a lower recombination rate downstream from the plasma. Also, the relatively small effects of the N 2 addition to the feed gas on the reactive layer stoichiometry, mainly an increased surface oxidation, cannot justify the increased etch rate. Mass spectrometry measurements show a close correlation between the Si 3 N 4 etch rate and the NO concentration in the reaction chamber.
We conclude that the NO molecule or metastable NO plays an important role in the etching of silicon nitride. The Si 3 N 4 etch rate and the NO density are highly correlated. NO removes N atoms from the surface by two possible reactions, in which the NO acts as a reaction partner as well as a source of energy. The first reaction produces N 2 O as etch product, N surface ϩNO gas →N 2 O gas , ͑12͒ the second produces N 2 , N surface ϩNO gas →N 2 gas ϩO surface . ͑13͒
The strong effect of N 2 addition to the feed gas on the silicon nitride etch rate shows that in a regime where F atoms are available in abundance, the NO concentration in the etching chamber is of much greater importance to the Si 3 N 4 etch rate than the F atom concentration, and the removal of N atoms from the surface is the etch rate limiting step.
